1. Introduction {#sec1}
===============

Understanding of the intricate relationship between the immune system and the tumor cells has provided the accelerated development of cancer treatment such as rejuvenation of host immunity, training the immune cells against the cancer cells, removing the exhaustions of immune cells against tumor antigens etc.

Turning on immune cell against the cancer cell either through antibodies mediated therapeutics or re-infusion of trained immune cells into the cancer patient are excellent examples of cancer immunotherapy \[[@bib1], [@bib2], [@bib3]\]. As tumor cells utilize various escape mechanisms for their survival from immune surveillance, the vital question is how the immune cells can be genetically reprogrammed to recognise and kill tumor cells. Extensive research employing immune cells in cancer treatment has led to the development of antibodies based immunotherapies \[[@bib2]\], allogeneic stem cell transplantation \[[@bib4]\] and Chimeric Antigen Receptors (CARs) T cell therapy \[[@bib5]\].

Among all the cell-based therapies, the genetically engineered CAR bearing T-cells (CAR T cell) for targeting cancer cells has emerged as the successful therapy in hematological malignancies. Its unprecedented role in cancer treatment \[[@bib6], [@bib7], [@bib8], [@bib9]\] has been due to better understanding of transcriptomics, proteomics, genomics, and Cell Based Assays. In 2017, two anti-CD19 CAR T-cell therapies have been approved by the US Food and Drug Administration (FDA) Tisagenlecleucel (Kymriah, Novartis) and Axicabtageneciloleucel (Yescarta, Kite Pharma). However, the long term follow ups have shown \[[@bib10], [@bib11]\] the development of resistance against CAR T cell therapy, which needs further evaluation \[[@bib12]\]. Plenty of opportunities to improve the efficacy and safety of this therapy may establish a paradigm of CAR T cell therapy not only in haematological malignancies but also in solid tumors which frequently exhibit resistance to it. Hence, we have discussed the main keys of CAR T cells focussing on 'how to improvise it to minimize failures and relapses' for a better outcome. This includes the discussion on the effect of tumor mutation burden (TMB), tumor microenvironment (TME), role of epigenetic mechanisms and possible combination therapies.

Until the CAR T cell therapy is made affordable, its potential to reduce the disease burden will remain untapped. Hence, manufacturing cost reduction should be prioritized by assessing the need (therefore the demand), availability of skilled staff and infrastructure, which may contribute towards cost minimization and thus a wider use. Recent observations regarding the cancer cases, which are increasing remarkably every year, are quite alarming ([Figure 1](#fig1){ref-type="fig"}). Thus, the need of establishing better therapies at an affordable cost is our priority. We propose a triangular collaboration among hospital, academia and industry which may further improve the quality and affordability of this cellular therapy, especially for economically developing nations.Figure 1Increasing haematological malignancies at All India Institute of Medical Sciences Patna: Approximately two-fold increase in haematological malignancies cases suggest a priority to establish CAR T cell therapy at affordable cost in a small city of Patna.Figure 1

2. Strategies in CAR T cell therapy {#sec2}
===================================

Successful CAR T cell therapy has been developed by careful considerations of crucial factors such as Selection of cancers where it can act optimally; Identification of appropriate tumor antigen(s); Selection of gene constructs to design chimeric receptors; Selection of immune cells for engineering the receptors against tumor antigen; Selection of other determinants of efficacy against cancer cells such as affinity of CAR for tumor antigen(s); selection of appropriate growth factors in the development of CAR T cells; and potential toxicities associated with the therapy including cytokine release syndrome and neurotoxicity. With the advent of new technology such as real time cellular assay and next generation sequencing, these crucial factors may be exploited to further improve CAR T cells' performance ([Figure 2](#fig2){ref-type="fig"}).Figure 2Strategies for better CAR T Cell therapy: Crucial factors are essential to consider for better treatment.Figure 2

The CAR T cell therapy is based on the nature of cancer cells (suppressive or infiltrative) carrying specific tumor antigen(s) \[[@bib13]\]. Hematological malignancies have been treated successfully by CAR T cell therapy as compared to solid tumors \[[@bib11]\]. For instance, CD19-antigen selection in hematologic malignancies was near to perfection due to the readily available antigen for its recognition by anti-CD19 CAR T cells. However, in the case of solid tumors, CAR T cells generally failed to interact with the tumor antigens due to physical barriers and an immune suppressive tumor microenvironment (TME) \[[@bib12]\]. Still successful approaches for solid tumors have been proposed and reported \[[@bib14]\].

So far, the most successful antigen has been CD19, a tumor associated antigen (TAA) and not the tumor specific antigens or Cancer-germline/cancer testis antigens \[[@bib15]\]. Though, other TAAs (CD20, CD22 or CD19 and CD22 together, CD 30) have also been used in various cancer immunotherapies \[[@bib16], [@bib17], [@bib18], [@bib19]\]. Various other tumor antigens may also give directions and opportunities to design receptors appropriately \[[@bib1]\].

The effective cytotoxic T cell in CAR T cell carries a genetically engineered receptor protein on its surface, equivalent to T Cell Receptor (TCR) but recognises tumor antigen independent of Major Histocompatibility Complex which is an added feature. Many types of CARs have been designed and successfully used \[[@bib20]\]. To reduce the cost of CAR T cell therapy, the concept of Universal CAR (UniCAR) and universal T cell has emerged \[[@bib21]\]. The UniCAR contains a bridging molecule which serves as a connector through a domain directed against a tumor antigen and an epitope being recognized by the signalling domain of a conventional CAR. Thus, T cells with UniCARs may be prepared from allogenic healthy donors avoiding the patient\'s blood which may have low T cell count. The graft-versus-host disease, which is adverse immunologic response due to transplant, may be abolished by genetic elimination or disruption of the TCR gene and/or HLA class I loci of the allogenic T cells \[[@bib21]\]. However, this needs further validation before being practised. This approach may be very useful in cost reduction of the CAR T cells as it will abolish the initial steps involving patient.

Earlier, a similar technique where immune cells isolated from the tumor region, grown outside of the body and re-infuse back to the patient to kill cancer cells, was described as Adoptive cell transfer (ACT) \[[@bib1]\]. The choice of immune cells for ACT is a critical step as there are several of them, namely, Natural Killer cells, Tumor-infiltrating lymphocytes, T cells and dendritic cells \[[@bib22]\]. Hence, any of these cells can be genetically modified to reprogram them against tumor cells. However, T cells have successfully been used in most cases for developing cell based immunotherapies \[[@bib6]\] owing to their intrinsic properties of proliferation, cytotoxicity and memory. The efficacy and persistence of CAR T cell *in-vivo* decides the successful outcome of the therapy. Therefore, the factors contributing towards their effector functions are taken into consideration in the existing approaches. The cellular components (other T cell subtypes) the use of growth factors and interleukins for CAR T cells\' activation and proliferation have been found to affect the performance of CAR T cells *in-vivo* \[[@bib23], [@bib24], [@bib25]\]. Therefore, leukemic cells must be depleted before isolating T cells for CAR T cell preparation \[[@bib9], [@bib24]\]. Equally important is the ratio of CD4+ to CD8+ or total T-cell isolated from the patients \[[@bib17], [@bib26]\]. Some studies have reported that it could be difficult to isolate sufficient number of T cells from patients with relapsed/refractory cases or those that had multiple rounds of chemotherapy. Also, due to heterogeneity among the patient\'s blood samples, the proliferation and efficacy of CAR T cells prepared, have shown different functional ability, although sufficient quantity of CD3+ lymphocytes were isolated to manufacture CAR T cells \[[@bib27]\].

In summary, it is essential to better understand the different strategies of CAR T cell therapy (summarised in [Figure 2](#fig2){ref-type="fig"}) for the development of newer approaches for cancer treatment.

3. Failure/relapses {#sec3}
===================

Failures and relapses in most cancer treatments have been reported and CAR T cell therapy is no exception as individual immunity and co-morbid conditions vary among cohorts \[[@bib28]\]. Understanding these events is the next milestone for better results of this therapy.

Long term survival studies in CAR T cell therapy have indicated cases of disease relapse within one year of treatment \[[@bib10], [@bib11]\]. In a rare case, one patient who initially did not respond to therapy showed complete remission after clonal evolution of one of the CAR T cell clones with hypomorphic mutation in one of its tumor suppressor genes \[[@bib29]\]. On the contrary, a relapsed case was reported in a B cell acute lymphoblastic leukemia with aberrant myeloperoxidase expression after CAR T cell therapy \[[@bib30]\]. These findings suggest the importance of mechanistic studies on CAR T cell therapy with more cases to understand the altered gene expression exhibiting two opposite phenomenon- one remission and the other, relapse after the therapy.

To get a complete picture of the events occurring in failure and relapses, the strategies employed by the cancer cells to escape CAR T cell need special attention \[[@bib31], [@bib32]\]. In general, tumor cells escape by - Lineage switching \[[@bib33], [@bib34]\]; loss of tumor antigen, for example CD 19, or epitope hiding from recognition \[[@bib35]\]; Immunomodulation of the host immune cells to escape from surveillances \[[@bib36]\]; T cell exhaustion and epigenomic landscape modulation \[[@bib37]\]. Examples, such as lineage markers including myeloid conversion in patients following CD19 CAR therapy is seen in murine adult acute lymphoblastic leukemia (ALL) models after the long-term effects of CD19 CAR-T cells \[[@bib33]\]. Also, a CD19-negative myeloid phenotype is responsible for the immune escape of mixed-lineage leukemia (MLL) from CD19 CAR-T-cell therapy \[[@bib35]\].

4. New essentials of CAR T cell therapy {#sec4}
=======================================

The CAR T cell therapy has shown a great success in paediatric, young and adult patients with relapsed or refractory B-cell ALL, however, some cancers have shown resistance against it \[[@bib11]\]. To make the treatment better, the question is what are the possible contributors that may be modulated in CAR T cell therapy? In this section, the most recent approaches will be discussed, and these may hold future promise to improve CAR T cell therapy (summarized in [Figure 2](#fig2){ref-type="fig"}).

4.1. Understanding complexity of tumor types and T cells {#sec4.1}
--------------------------------------------------------

Since immunotherapy depends on how quickly and effectively tumor cells are being recognized and killed without any toxicities to normal cells, it must be a priority to understand the molecular beacons of tumor cells and T cells. Therefore, molecular characterization of tumor types and T cells by next generation sequencing (to know any abnormal gene expression) could be considered as a routine procedure to avoid failures. Immuno-phenotyping, T cell receptor sequencing, determination of tumor tissue (grade, age, pathology examination by imaging and gene expression signature analysis) may indicate the feasibility of this therapy. Hematological cases are easy to characterize in terms of above mentioned parameter; however, complexed tumor types may need better tools for the same \[[@bib38]\].

Identification of genes essential for CAR T cells' stability, efficacy and *in-vivo* persistence may further contribute in enhancing their anti-tumor activities. It is plausible to apply genome editing tools such as zinc-finger nucleases, transcription activator-like effector nucleases and clustered regulatory interspaced short palindromic repeat and CRISPR-associated protein 9 (CRISPR/Cas9) techniques to manipulate T cells for better efficacy \[[@bib39], [@bib40], [@bib41]\]. These techniques might also be useful in tracing the lineage of CAR T cells *in-vivo* using appropriate reporter system \[[@bib3], [@bib42]\]. Other important aspect of CAR T cell is to maintain controlled activity *in-vivo* for clinical safety. This needs regulated expression of CAR constructs, which can be achieved by the tetracycline regulatory system known as inducible CD19CAR T cells \[[@bib43]\]. Apart from this, anti-tumor efficacy in CAR T cell may be augmented by disruption of programmed cell death protein 1 \[PD-1\]) (discussed below) using CRISPR/Cas9 \[[@bib39]\]. The CAR T cell with all the desired parameters needs to be used in an appropriate ratio to target tumor cells (target to effector cell ratio) for better efficacy \[[@bib29], [@bib44]\].

4.2. Dynamic tumor Antigen(s) and tumor microenvironment {#sec4.2}
--------------------------------------------------------

Tumor cells evolve under immune surveillance by constantly changing their surface proteins or intracellular signalling molecules to avoid their recognition from cell mediated immunity \[[@bib45]\]. In such a situation, how a CAR T cell will target a tumor cell having high or low mutational burden, should be the first line to understand. Hence, tumor mutation burden (TMB) along with tumor microenvironment (TME) during cancer progression need to be systematically studied for selection of target antigen(s) \[[@bib46]\]. Prior to CAR T cell preparation, depletion of tumor cells or reducing the tumor load with chemotherapeutics are the supporting evidence that TMB is critical for CAR T cell therapy \[[@bib25]\]. It also plays a vital role in maintaining the plasticity of T cell \[[@bib47]\]. Moreover, continuous exposure of T cells to tumor antigen(s) causes their exhaustion, a phenomenon observed with T cells when exposed to lymphocytic choriomeningitis virus \[[@bib48]\]. Furthermore, the immunosuppressive strategies adopted by tumor cells such as expressing PDL-1 (programmed cell death protein ligand-1); secreting immunosuppressive molecules such as TGF-β, IL-10 etc.; and change in nutrients in tumor microenvironment and hypoxia, also promote T cell exhaustion. However, a recent study has reported reduced exhaustion of T cells by reduction in mTORC1 activity mediated by IL15 \[[@bib49]\]. Results of this study have shown a reduced expression of exhaustion markers, thus conferring better antitumor activity to CAR T cells \[[@bib49]\]. Number of recently discovered T cell subtypes (Regulatory T cells (Tregs), Th17 etc) have also been reported to affect the continued persistence and cytotoxic activities of effector T cells \[[@bib50], [@bib51]\]. However, it is not clear as to how these regulatory T cells interplay with CAR T cells to control their tumor toxic activities. It is proposed that it may be through a non-classical immune synapse formation through releasing a battery of enzymes like perforin and granzyme \[[@bib52]\].

Next generation sequencing technologies provide newer opportunities to identify highly tumor-specific markers and neoantigens as a result of somatic mutations \[[@bib53], [@bib54], [@bib55]\]. Targeting a single antigen by CAR T cell therapy may not be as effective as combination with other tumor specific antigen(s). It is plausible that combining newly discovered neoantigen with highly tumor-specific CAR T cell may further improve treatment outcomes \[[@bib32], [@bib56], [@bib57]\]. In summary, it is essential to examine tumor cells for their dynamic antigenic landscaping along with the other immune associated factors during the course of therapy to make it a useful approach ([Figure 3](#fig3){ref-type="fig"}).Figure 3Present and future of next generation "CAR" T cell therapy: A) Unique features behind the success of CAR T cell therapy; B) Recent clinical trials show relapsed and failed cases of CAR T cell therapy and C) Probable future approach to make CAR T cells with better efficacy.Figure 3

4.3. Epigenetic modulation: can it shape a better CART cell therapy? {#sec4.3}
--------------------------------------------------------------------

While genetics has led to several breakthroughs in our understanding of tumor progression, epigenetics is also now known to play a central role in tumorogenesis \[[@bib58], [@bib59], [@bib60]\]. On an evolutionary scale, it is easy to acquire rapid, reversible and stable epigenetic changes over genetic change in a life cycle of an organism \[[@bib61]\]. In the same way a normal cell may acquire stable inheritable phenotypes (a tumor cell) independent of a DNA sequence (genetic code) \[[@bib62]\]. Various epigenetic mechanisms involved in this transformation are depicted in [Figure 4](#fig4){ref-type="fig"}A. In this review, it is discussed how the epigenetic mechanisms may affect efficacy of CAR T cells or cause resistance against tumor cells. The chromatin may be the very first signalling platform influencing gene expression in CAR T cells. A battery of chromatin modifiers (Writer, Eraser and Readers) may interplay to maintain proper chromatin structure temporally and spatially ([Figure 4](#fig4){ref-type="fig"}B). Their role in posttranslational modifications (PTMs) of histones or modification of bases of DNA has been correlated with gene expression or repression (also historically known as histone code) \[[@bib58], [@bib63], [@bib64]\]. Henceforth, chromatin may act as the signalling platform to integrate signal to control the repressive, poised or active gene expression in the cell \[[@bib65]\]. Such chromatin states (characterized by histone PTMs) and DNA modifications also control the gene expression pattern in naïve, effector and memory T cells also \[[@bib29], [@bib66], [@bib67], [@bib68]\]. For instance, mice responsible three gene loci -IFNg(Ifng), granzyme B (Gzmb), and perforin 1(Prf1) for effector function of T cells, have common nucleosomal and H3K27 methylation signatures in memory CD8+ T cells \[[@bib69]\]. However, during the primary infection, there is a distinct change in chromatin state (reduced nucleosomal density near the transcription start sites and reduced H3K27 methylation) at the genes loci of Ifng and Gzmb and this change remains in the memory CD8+ T cells \[[@bib69]\]. Reduced nucleosomes and reduced H3K27 methylation correlate with open chromatin structure at these gene loci. Moreover, increased histone acetylation associated with open chromatin was found significantly higher in the genes responsible for human memory CD8+ T cells than in naïve CD8+ T cells \[[@bib70]\]. Thus, an open chromatin structure at gene loci may play a vital role for memory function of T cells \[[@bib70]\] ([Figure 4](#fig4){ref-type="fig"}C, D).Figure 4Epigenetic mechanisms control gene expression. A) General epigenetic mechanisms. B) Epigenetic players: Nucleosome particle consists of DNA wrapped around octamer of Histone H3, H4, H2A, H2B and "Tails" protruding out through the core particle. Enzymes which "add", "remove" posttranslational modification on histones or base modification on DNA are called as "Writers", "Erasers" respectively and proteins which "bind" posttranslational modification or DNA modification are called "Readers". C) Chromatin structure may act as signalling platform to co-ordinate epigenetic pathways and control the transcriptional activity. The reversible transition between open and closed chromatin structure is determined by chromatin modifiers, remodeller and various non-histone proteins. D) Gene expressions of naïve, effector, memory and exhausted T cells may be controlled by distinct chromatin structure. Loss of TET2 and inhibition of Indoleamine 2,3-dioxygenase 1 (IDO1) expression by miR-153 increase activities of CAR T cells.Figure 4

For a reader proteins, the best example is BET (bromodomain and extra-terminal motif) proteins, which usually bind to acetylated histone marks through its bromodomain \[[@bib71]\]. Interestingly, JQ1, a specific inhibitor of BET proteins has shown a prolonged persistence and enhance antitumor activity of T cells \[[@bib68]\].

Another study on human ovarian cancers has shown that "writers" (enhancer of zeste homologue 2 (EZH2) which write histone H3 lysine 27 trimethylation (H3K27me3) and DNA methyltransferase1 (DNMT1) which writes DNA methylation), repress the production of chemokines (T helper 1 (TH1)-type chemokines CXCL9 and CXCL10) by tumor cells \[[@bib72]\]. These chemokines are involved in trafficking of effector T cells to the tumor microenvironment \[[@bib72]\], thus their low levels prevent the T cell function. Also, promoter hypermethylation of genes that contain neo-antigenic mutations has been identified as an epigenetic mechanism of immune-editing in lung cancer model \[[@bib73]\]. Another chromatin modifier, TET2 (Eraser) encodes methyl cytosinedioxygenase, an enzyme that catalyses DNA demethylation activating gene expression \[[@bib74]\]. Whereas, the transcriptional silencing of tumour-suppressor genes in cancer cells can be mediated through DNA methylation \[[@bib62]\]. Interestingly, disruption of TET2 promotes a progeny of a CAR T cell (targeting the CD19 protein) to proliferate and extensively cure chronic lymphocytic leukaemia in a patient \[[@bib29]\]. This is due to inhibiting differentiation of CAR T cells, which arose from the TET2 depleted single CAR T cell clone ([Figure 4](#fig4){ref-type="fig"}D). However, more studies are required to understand different chromatin states and the role of reader proteins in changing gene expression in T cells. Therefore, to establish a possible chromatin state of CAR T cells may be important to contribute to their efficacy \[[@bib37]\]. In view of this, we hypothesize that understanding the functions of chromatin modifiers of both CAR T cells as well as tumor cells may improve cancer immunotherapy.

Apart from these facts, non-coding miRNA profiling in naïve, effector and memory T cells may also be crucial for better understanding of gene expression in these cells. In colon cancer cells, miR-153 inhibits Indolamine 2,3-dioxygenase 1 (IDO1) expression which catalyzes the conversion of tryptophan to kynurenine \[[@bib75], [@bib76]\]. Combining miR-153 over expression with CAR T cells targeting the epidermal growth factor receptor variant III has shown effective tumor killing effects in the xenografts model of colon cancer \[[@bib76]\] ([Figure 4](#fig4){ref-type="fig"}D).

Thus, epigenetic mechanisms such as chromatin states, DNA methylation states and non-coding RNA profile in CAR T cells are some of the key points to be considered for further investigation in relation with tumor for better treatment outcomes.

4.4. Combination of CAR T cell therapy with other cancer therapeutics {#sec4.4}
---------------------------------------------------------------------

Cancer development is a gradually evolving process accompanied by multiple mutations in various biochemical processes \[[@bib77], [@bib78], [@bib79]\]. It suggests that combination therapies ([Table 1](#tbl1){ref-type="table"}) may have to be developed to tackle the cancer progression \[[@bib80]\]. The CAR T cell therapy is a cellular immunity based therapy and may be combined either with inhibitors of immune supressing pathways (e.g. T cell exhaustion) or inhibitors of signalling pathways so that specific toxicity to cancer cells can be achieved \[[@bib81]\].Table 1Combination therapy: CAR T cell therapy combined with classical cancer therapeutics.Table 1Broad ClassificationTherapeutics combined with CAR T cell therapyBiochemical pathwayReferenceImmunomodulatorsIpilimumab (a fully human monoclonal antibody against CTLA-4)CTLA-4 inhibits earlier activation stage of T-cell\[[@bib86]\]nivolumab (PD-1)PD-1 for T-cell exhaustion\[[@bib90], [@bib91]\]local expression of cytokineimmunosuppressive environment inhibition or T cell activation\[[@bib92]\]Indoleamine 2,3-dioxygenase (IDO) Inhibitorsimmunosuppressive metabolites (kynurenine and 3-hydroxyanthranilic acid\[[@bib94]\]Chemical InhibitorBRAF and MEK inhibitorsKinase signalling pathway\[[@bib97]\]carboplatinchemotherapeutic agent\[[@bib98]\]Radiationlocal subtherapeutic irradiationDNA Damage or Genome Instability\[[@bib99]\]Vaccinationamphiphile CAR-T ligands (amph-ligands)priming CAR-Ts in the native lymph node microenvironment\[[@bib100]\]mircoRNA therapeuticsmiR-153miR-153 inhibits Indoleamine 2,3-dioxygenase 1 expression\[[@bib76]\]

### 4.4.1. Nanoparticle and photothermal {#sec4.4.1}

Nanoparticle-based therapy which also has it use in diagnostics, is being developed for various cancer types \[[@bib82]\]. As CD19 has been the most common choice of antigen, anti-CD19 antibodies grafted in the nanoparticles may be another approach for therapies and cancer diagnostic imaging \[[@bib83]\]. Since solid tumors are compact and inaccessible to infiltration, mild heat treatment may increase permeability to the tumor microenvironment. So combining photothermal therapy with CAR T cells may increase the chances to infiltration of CAR T cells inside solid tumors \[[@bib38]\] and thus, making them effective.

### 4.4.2. Immunomodulators {#sec4.4.2}

Combining CAR T cell therapy with immunomodulators, chemical inhibitors or radiation are the other options to improve disease outcome ([Table 1](#tbl1){ref-type="table"}). The immune-checkpoint inhibitors have shown their role in maintaining the antitumor activity of T cells, thus the success \[[@bib84]\]. The two checkpoint receptors, the CTLA-4 (cytotoxic T-lymphocyte associated protein 4) and PD-1 (programmed death1), are expressed by activated T cells to negatively control their cytotoxic activities with non-overlapping functions \[[@bib2], [@bib85]\]. The CTLA-4 inhibits initial activation of T-cell, whereas over expressed PD-1 exhausts T-cell in a later stage. The Regulatory T cells also express CTLA-4 to inhibit anti-tumor activity of activated T cells \[[@bib85]\]. Interestingly, Ipilimumab (a fully human monoclonal antibody against CTLA-4) has shown to promote antitumor activity in patients with metastatic melanoma \[[@bib86]\]. The mechanism involved in effector T cell exhaustion by PD 1 is mediated by IFNγ produced by them. The IFNγ increases the expression of the PD-L1 protein on T cells as well as other cell types, including tumor cells, which can engage the PD-1 receptor on T cells to suppress their antitumor immunity \[[@bib87], [@bib88]\]. This is *the* mechanism used by tumor cells to protect themselves from CD8+ T cell--mediated lysis \[[@bib89]\]. Use of PD1 or PDL1 blockade can get back antitumor activity of effector T cells (67). In fact, combined PD-1 (nivolumab) and CTLA-4 (ipilimumab) antibodies blockade has achieved objective response rate in advanced melanoma patients \[[@bib90]\]. Hence, it is obvious to think that these antibodies blockade approach may be combined with CAR T cell therapy to get effective response in cancer treatment. In fact, deletion of PD1 enhanceing antitumor efficacy of CAR T cells, has also been reported \[[@bib39]\]. Also, the anti-HER2 CAR T cells alone were not that effective on tumor cells bearing HER2 antigen and expressing PDL1 as with anti-PD-1 antibody in the mouse model \[[@bib91]\].

In a different approach, the immunosuppressive environment may be inhibited or T cell may be activated by local expression of cytokines \[[@bib92]\]. Moreover, the IFNγ secreted by activated T cell may promote the expression of of immunosuppressive molecule, IDO \[[@bib93]\]. This enzyme is overexpressed in several human cancers \[[@bib94]\] and catalyzes the conversion of tryptophan into immunosuppressive metabolites (kynurenine and 3-hydroxyanthranilic acid) which blocks antigen-specific T cell proliferation \[[@bib95]\]. So, metabolites take key part in inhibiting T cell proliferation, and this is thought to be a key mechanism with which cancers evade immunity. In fact, IDO activity of tumor cells inhibit CD19-CAR T cells. This can be circumvented by administration of fludarabine and cyclophosphamide before CD19-CAR T cell infusion to patient \[[@bib94]\]. Therefore, IDO inhibitors may also be combined with CAR T cell therapy to further improve its cytotoxic effect. In a recent study on animal model, CAR T cell therapy has been tested with an antidote, Dasatinib, a drug that controls the cytokine storm. This combined approach has shown to reduce the toxicities associated with the therapy as the drug has on/off control in CAR T cell immunotherapy \[[@bib96]\].

These findings suggest the need of more pre-clinical trials to test the combinatorial approach in CAR T cell therapy.

### 4.4.3. Chemotherapy, radiation and vaccine {#sec4.4.3}

The RAS/RAF/MEK/ERK MAPK pathway is a key signalling pathway in immune cells as well as in tumor cells and its inhibitors are well known in cancer treatment \[[@bib101], [@bib102]\]. It has been shown that BRAF and MEK inhibitors influence the function of CAR T cells \[[@bib97]\]. In another study, combining carboplatin, a chemotherapeutic agent, with CAR T cell (using ErbB-Retargeted T Cells) therapy showed enhanced anti-tumor effect in a mouse model of ovarian cancer \[[@bib98]\]. The next obvious question is whether CAR T cell therapy can be combined with irradiation the rapy. It has been shown that there was increased accumulation of CAR T cells surrounding the tumor site upon local subtherapeutic irradiation in a mouse model of glioblastoma \[[@bib99]\]. Recently, Ma et al. has shown how fruitful the vaccination approach is in combination with CAR T cell therapy in the immunocompetent mouse tumor model \[[@bib100]\]. Injecting the amphiphile CAR-T ligands (amph-ligands), as the vaccine primed CAR-T cells in the native lymph node microenvironment leads to massive CAR-T expansion and enhanced antitumor efficacy \[[@bib100]\].

These findings suggest that CAR T cell therapy if supported by the discussed approaches, may further improve its remission rate.

5. Affordability for CAR T cell therapy: a clinical programme bridging hospital and academia {#sec5}
============================================================================================

In the era of personalized medicine, autologous CAR T cell therapy has shown promising results. However, the cost (approximately \$470, 000 per patient) of this therapy as quoted by Novartis is exorbitantly high, which raises concerns of affordability by common man in under-developed and developing nations \[[@bib103]\]. Not all can afford this successful therapy and be benefitted. Therefore, the complexity of the process of making of this live drug needs to be addressed for cost minimization. In the existing system, the manufacturing unit for CAR T cell, which are limited in number, are not always in the proximity of the healthcare centres where the patient is being treated, thus involves sample transport and other pre-analytical issues and affect the cost. Usually, blood samples are transported from hospital to the CAR T cell manufacturing unit and shipped back to hospital to re-infuse, which takes longer time, and also affects the quality and cost of the CAR T cell preparation \[[@bib104], [@bib105], [@bib106]\]. Cancer centres in developed nations are using the CAR T cells for cancer treatment being manufactured by pharma companies. However, an affordable CAR T cell has been successfully made by academic institutions as well \[[@bib107]\]. Therefore, working together with hospitals and research centre in academia could be a solution for making this therapy cost effective. This may not only help in addressing tremendous challenges associated with complexities of CAR T cell therapy in cancer management but also reduce time of treatment. Thus, this unifying model ([Figure 5](#fig5){ref-type="fig"}) will bring brighter perspective for cancer treatment to individuals of all socio-economic status at lower cost.Figure 5An umbrella of CAR T program showing how collaboration between hospital, industry and academic institution may increase the chances of this therapy to economically poor region of the world. Arrows are the flow of steps or knowledge.Figure 5

5.1. Need assessment for manufacturing of CAR T cell {#sec5.1}
----------------------------------------------------

Need assessment for CAR T cell therapy, is a key point in understanding the demand of the same. This will help in giving the necessary volume to the manufacturing unit to minimize the cost. Therefore, the tertiary healthcare centres should be invited to develop this therapy. In manufacturing part of the CAR T cell, the concept of universal CAR seems to be beneficial and needs to be explored, it can tremendously reduce the cost and the complexity of the procedure \[[@bib21]\].

5.2. Contribution of academicians in protocol optimization for CAR T cell therapy {#sec5.2}
---------------------------------------------------------------------------------

Collaboration of clinicians and scientific community can greatly contribute in protocol optimization for the development of autologous CAR T cell. The researchers play a critical role not only in preparing the desired cells but also in maintaining the quality of the preparation. Keeping the physiology of T cell as close as *in-vivo* situations while manipulating it, is very critical and should be taken care of. Chemical and physical stress may change the phenotype of T cells, therefore, appropriate methods must be adopted to transfect CAR construct to autologous T cells (as using patients' own cells reduces many risks associated with graft vs host disease) \[[@bib27]\]. The cryopreservation of CAR-T cells should be avoided as it affects their potency \[[@bib108]\]. Monocytes and granulocytes may inhibit the growth of lymphocytes isolated from peripheral blood, so counter-flow elutriation closed system developed for the separation of monocytes and granulocytes should be used for expansion of CAR T cells \[[@bib109]\]. Also, T lymphocytes extraction from a patient who has a low leukocyte counts is quite challenging especially with multiple cycles of chemotherapy or marrow transplantation. A mononuclear cell apheresis technique is preferably used in such cases \[[@bib27]\]. The role of basic research becomes even more important when the CAR T cells are being used for the treatment on the patient, as certain changes may be desired during the process. The analytical evaluation of the clinical outcomes is an effort of the team as these may vary according to the history of chemotherapeutics, tumor mutational load, number of purified or T cell isolate, etc. \[[@bib12]\]. Thus, a collaborative effort between clinician and basic researchers can tackle and counter all the possible pitfalls associated with the development of autologous CAR T cell, its use and management thereafter \[[@bib110]\].

5.3. Partnering the hospital, academia and industry under the CAR T cell clinical programme {#sec5.3}
-------------------------------------------------------------------------------------------

CAR T cell therapy, unlike other conventional therapies, needs constellations of oncologist, hematologist, basic researchers, toxicologist, epidemiologist and statisticians. Hence, there is a need to develop a unique program with regulatory requirements and distinct operational processes \[[@bib111]\] along with the infrastructure and trained personnel to follow up with the patients \[[@bib112], [@bib113]\]. CAR T cell therapy has acute toxicities and may be life threatening \[[@bib114], [@bib115]\]. Thus it needs multicentric facilities and management system for optimum care to the patients \[[@bib116], [@bib117]\]. An academic institution associated with healthcare can play a key role in creating most effective CAR T cell and explore better options for combining CAR T cell therapy with other therapies. Also, in underdeveloped and developing nations, neither hospitals nor academic institutions alone can handle the cost of CAR T cell therapy. Thus, sharing infrastructure between them can be advantageous ([Figure 5](#fig5){ref-type="fig"}). Apart from this, regulatory tools for approval of CAR-T cell therapy are essential. Various medicinal/gene products have great potential for the treatment for various diseases as advanced therapeutics. These have also been licensed and therefore their market may grow exponentially in future. Adoptive T-cell transfer (ACT) is also a subclass of such advanced gene therapy product. The first chimeric antigen receptor (CAR)-T cells received regulatory approval with remarkable clinical results ([https://www.ema.europa.eu/news/first-two-car-t-cell-medicines-recommended-approval European-Union](https://www.ema.europa.eu/news/first-two-car-t-cell-medicines-recommended-approval%20European-Union){#intref0010}) received EU approval also in 2018. More than 400 CAR-T clinical trials are still going on \[[@bib118]\]. With this great achievement in cancer immunotherapy, regulatory needs have to be approved by competent authorities for smooth implementation of CAR T cell clinical programme.

6. Conclusion {#sec6}
=============

In a nutshell, treatment of cancer by CAR T cell raises great hopes to the patient care systems. Hence, improving it further for the gaps observed, it is pertinent to understand the molecular complexities of CAR T cells along with tumor cells. The major concerns about the therapy are the relapses/failure and the affordability. This review has taken newer routes to tackle the constantly changing landscapes of antigens on immune cells and tumor cells. It also, emphases the epigenetic mechanisms which may improve efficacy and performance of CAR T cell. Our recommendation in this review emphasizes a path forward i.e. an approach for a collaborative effort between academia, hospitals and industry, to increase its accessibility and affordability for cancer patients. Also, the helping hands from government bodies in initiating the health care policies will play a crucial role in supporting the cancer treatment of low- and middle-income groups of patients.
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